The modern one produces more on average, but its production is lower than the farmer variety in a bad 79 year. The farmer variety has a low, stable yield, which is not affected in a bad year. With this input, the 80 expected regret can be obtained for different variety portfolios. Table 1 . Example of a payoff matrix of two varieties for two scenarios and probability of occurrence
81

Good year Bad year
Modern variety 4 t/ha 1 t/ha Farmer variety 2 t/ha 2 t/ha Probability scenario occurs 0.6 0.4
As a first step, the payoff matrix is converted into a loss matrix by subtracting each value from the 82 highest value in each column. The loss is the difference with the best possible option under each scenario 83 (Table 2) .
84 Table 2 . Absolute loss matrix of two varieties for two scenarios and probability of occurrence.
Modern variety 0 t/ha 1 t/ha Farmer variety 2 t/ha 0 t/ha Probability scenario occurs 0.6 0.4
From the loss matrix, the expected regret of any portfolio can be calculated. For example, the expected 85 regret of a simple 1:1 proportion between the two varieties (weights of 0.5 for each) would give the 86 calculation shown in Table 3 .
87 Table 3 . Absolute expected regret calculation for a portfolio of 50% modern variety and 50% farmer variety
Modern variety (loss · share) 0 · 0.5 = 0 1 · 0.5 = 0.5 Farmer variety (loss · share) 2 · 0.5 = 1 0 · 0.5 = 0
Total loss (sum of above) 0 + 1 = 1 0.5 + 0 = 0.5
Absolute squared regret (squared total loss · probability) 1 2 · 0.6 = 0.6 0.5 2 · 0.4 = 0.1
Summing the quadratic regret values of Table 3 gives a value of 0.7. To obtain a regret value on the 88 original scale, the regret is expressed as the root mean square loss: √ 0.7 = 0.84 ton per hectare. The 89 minimum regret can be calculated in the same way, changing the relative weight of the varieties in the 90 portfolio to obtain the lowest expected regret value. In this case, it is easy to find an analytical solution.
91
The sum of the weights should add up to 1, so if w is the weight of the modern variety (a value between 0 92 and 1), then 1-w is the weight of the farmer variety. We can obtain the minimum regret by minimizing the 93 following expression.
This expression has a minimum at w = 0.86. This means that the minimum regret portfolio has 86% of 95 the modern variety and 14% of the farmer variety and an expected regret value of 0.59 t/ha. In cases with a generic optimizer, such as the Solver plug-in in Microsoft Excel.
98
Until now, I have only discussed absolute regret. The literature also describes relative regret, which is 99 regret expressed as a ratio of the reference portfolio [16, 22, 24] . year is more likely to get the farm in the danger zone than a loss of the same size in a good year.
109
Given a loss matrix, the relative expected regret can be calculated in a similar way as demonstrated 110 above for absolute regret. The result is shown in 
113
This is to be interpreted as a proportion or percentage ("relative regret of 25%").
114 Table 4 . Relative expected regret calculation for a portfolio of 50% modern variety and 50% farmer variety The variety portfolio can also be optimized for relative regret. The resulting portfolio has 60% of 115 the high-yielding variety and 40% of the high-yielding variety and has a relative expected regret of 24%.
116
We can also calculate the absolute regret of this portfolio, which is 0.73 t/ha. Minimizing the relative 117 regret implies a sub-optimal absolute regret. The decision-maker must determine which type of regret 118 corresponds to the context in which the portfolio should function. 
Comparative framework
120
Real portfolios will deviate from ideal minimum-regret portfolios. In some cases, deviations will be 121 due to external factors, including imperfect knowledge, technical constraints, or resource constraints. In 122 other cases, however, deviations will may be inherent to decision-making and due to more relaxed or 123 more conservative approaches to regret and downside risk. To cover these cases, I present two other types 124 of models and their corresponding portfolios, which are limit cases of a more general model of regret.
125
Together with the minimum regret model, they provide a mathematically coherent set of models (see 126 Appendix A).
127
The first additional model is maximum expected utility, which does account for regret and just focusing exclusively on reducing the worst cases. It represents a farmer whose main worry is the survival 133 of the farm, has no other ways to compensate losses and therefore avoids downside risk at all cost.
134
Infinite regret does not consider the different probabilities of scenarios. This is appropriate under absolute 135 uncertainty. Generally, farmers take into account the relative frequency of events for decision-making, so 136 infinite regret can safely be considered a limit case. The role of the minimax model is therefore diagnostic 137 or comparative but not prescriptive.
138
Minimum regret is in-between these two limit cases. This means that deviations towards weaker or 139 stronger regret aversion can be interpreted in reference to these additional portfolios. Table 5 presents the 140 resulting five scenarios and five metrics in an overview for the fictional case of the two-variety portfolio.
141
Each portfolio optimizes one metric (shown in bold), but the same metric is also presented for the other 142 portfolios. The expected utility of the regret-based portfolios is substantially below the optimum, showing 143 that avoiding downside risk has a cost in the long term. However, even in the most extremely conservative 144 approach to risk, the long-term utility would only be 0.4 t/ha lower than the optimum of 2.8 t/ha, a 14% 145 reduction. Clearly, no metric would suggest that a farmer should ever plant less than 50% of land with 146 the modern variety. It is evident that relative regret is a much more conservative criterion than absolute 147 regret. In this example, minimum relative regret is even more conservative than minimax absolute regret.
148
The potential reduction in expected absolute regret seems minimal, however, at most 0.04 t, but expected 149 relative regret can be reduced by 25%. Minimax relative regret is a very extreme position, as it recommends 150 growing equal quantities of the two varieties, whereas intuitively it would make sense to grow some more 151 of the modern variety, especially since good years are more frequent than bad years. of three main cropping systems: (1) cotton-pigeonpea, (2) sesame, and (3) legumes (excluding pigeonpea).
152
190
There was generally no double cropping in the area, so each year land is assigned to one of these cropping 191 systems.
192
Matsuda provides data on crop allocations, yields and market prices for 7 years (2002) (2003) (2004) (2005) (2006) (2007) (2008) From the payoff data in Table 6 , I generated five diagnostic portfolios, shown in Table 7 . Table   202 7 compares these theoretical predictions with the empirical data ("Average observed portfolio" in the for legumes. Only the minimax absolute regret model gives it a small share, yet much lower than observed.
207
It is easy to trace back this pattern to the payoff The underprediction of the share of legumes probably implies that these crops are not included in 211 the system to reduce the risk of revenue per hectare. A possible reason for the prominence of legumes in 212 the portfolio is that they help to distribute labour demand more evenly across the year and/or help to 213 reduce overall labour demand. Legumes have a short production cycle and can be sown at different times,
214
avoiding the harvest period of the other crops, as shown by the cropping calendar presented by Matsuda
Assuming that legumes are included in the portfolio for reasons unrelated to revenue risk 217 management, I fixed the proportion of legumes at the observed value of 24% and then reran the 218 optimizations (Table 8) . With this constraint added, the minimum absolute regret model predicts that 74% 219 land will be planted to cotton-pigeonpea and 2% will be under sesame, far from the observed values. For 220 the minimum relative regret model, this is 49% for cotton-pigeonpea and 27% for sesame, close to reality.
221
This suggests minimum relative regret best reflects farmers' choices. Relative regret is reasonable in this 222 context, as the possibility from inter-annual risk transfer is limited. Compared to maximum utility, the 223 observed portfolio achieves a reduction in both expected and worst relative regret, but not in expected 224 absolute regret (Table 7) .
225 Table 8 . Constrained minimum regret portfolios, following the same procedure as in Table 7 , but setting the proportion of legumes to 0.24. for an exploratory analysis of diversified portfolios. Data for a limited period of seven years was available.
235
A more definitive analysis would need a comprehensive set of scenarios and calibrated probabilities. More 236 data would also be needed to provide evidence on the relative adequacy of minimum regret versus other 237 theories of risk in this case. Such data are rarely at hand for practical decision-making situations, however.
238
The case study example shows that even without precise calibration or a comprehensive representation to analyse risks and select diversified portfolios.
Materials and Methods
247
All data for the case study were derived from [36] . In the study area, farmers mainly grow the 248 following crops: pigeonpea, cotton, sesame, and several minor pulses, including suntani/suntapya/butter 249 beans (Phaseolus lunata), green gram (Vigna radiata), chickpea (Cicer arietinum), and lablab (Lablab purpurea).
250
Farmers generally intercrop cotton and pigeonpea, so data for these two crops were combined to analyse it 251 as a single cropping system. The minor pulses were also considered as one cropping system, following 
